This method for the mutagenesis of ds-DNA, utilizing the best features of previously published protocols, incorporates a fragmentation procedure on the plasmid, thermostable enzymes and two transformations in E. coli. Screening of positive clones can begin after about two days. Insertions, deletions and substitutions of up to 50 bp are routinely obtained with 90-95% of clones positive as proven by sequencing. The cost is about one half to one third of equivalent commercial procedures. (1987), and Lai et al. (1993), except that for heteroduplex formation, we recommend the more efficient and rapid PCR as outlined in step 2 of our protocol. Primer extension and ligation of heteroduplexes is then achieved by switching across to the method of Deng and Nickoloff (1992), and Wong and Komaromy (1995), except that we recommend a single buffer system and Vent R (exo-) DNA polymerase as seen in step 4 of our procedure. The figure illustrates the general principle used. The actual example shown involves the deletion of 26 bases from plasmid p3Z35SAJ, and replacement with 13 bases which we happened to desire for our work. The 59-mer primer (double asterisk) anchors to the 5¢ and 3¢6 bases shown in lower case (single asterisk). The 59-mer contains 13 bases (shown underlined near the bottom of the diagram) between the anchor sites which will appear in the mutated plasmid in place of the 26 bases deleted. In essence, target plasmid p3Z35SAJ is first double digested separately creating fragments B-A and A-C. Following denaturation and annealing of strands and primer, four duplexes are formed. Only the heteroduplexes are capable of ligation and replication following transformation into E. coli. Following primer extension, ligation and the First Transformation into E. coli, total plasmid is isolated from cells in a single LB liquid culture. A double digest with SmaI/AhdI allows separation of the linearized form of mutated heteroduplex I on an agarose gel, which is then religated and transformed into E. coli (Second Transformation) giving high yield of colonies containing the desired mutated plasmid p3Z35SAJm.
Introduction
Methods for site-directed mutagenesis utilizing ss-DNA generally have good mutation rates provided strong selection is used (Kunkel, 1985; Vandeyar et al., 1988) but tend to be time consuming, while methods using ds-DNA are limited by low yields (Inouye and Inouye, 1987; Stewart et al., 1988; Ho et al., 1989; Sugimoto et al., 1989; Deng and Nickoloff, 1992; Lai et al., 1993; Wong and Komaromy, 1995) . Our attempts to mutate a number of bases within a viral cDNA insert in a ds-DNA plasmid using commonly recommended methods (Inouye and Inouye, 1987; Deng and Nickoloff, 1992; Lai et al., 1993; Wong and Komaromy, 1995) proved fruitless. Hence we optimized and altered these methods and have achieved conditions which always work. Here we describe a major improvement on the ds-DNA mutagenesis method of Inouye and Inouye (1987), and Lai et al. (1993) , which employs one primer and a fragmentation procedure on the plasmid, and the method of Deng and Nickoloff (1992) , and Wong and Komaromy (1995), which uses an intact plasmid and thermostable enzymes, and two primers including a selection primer. We have combined a number of their individual features into one protocol. The modifications required may appear trivial, but are in fact significant when measured in terms of convenience and guaranteed success. Mutations, from 1 bp up to 50 bp, including insertions, deletions and substitutions are now being done routinely in our laboratory using these modifications.
Screening of positive clones can begin after about 2 days as compared to about 5 days when using ss-DNA. Commercial kits have been costed approximately two or three times as expensive per reaction, and the enzymes required are generally found in molecular biology laboratories thus not requiring special orders, adding to further savings. Purification of plasmid and the DNA fragments, using the homemade bead columns referred to, costs ten times less than equivalent commercial procedures.
The method and general strategy can be best understood by examining the example provided in Fig. 1 . The same strategy can be employed in general to achieve any desired mutagenesis involving up to 50 bases. The aim in the particular example shown here is to delete 26 bases and simultaneously insert 13 new bases in a typical plasmid derived from pGEM3Zf(+) (Promega, Madison, USA). The twenty six unwanted bases of a polylinker, joining a 35S promoter with a viral cDNA (from Johnsongrass mosaic virus -JGMV), are shown in lower case on the target plasmid p3Z35SAJ at the top of the scheme. In this case mutagenesis deletes the SmaI site, making identification of successfully mutated clones easy by using a double digest (SmaI/AhdI). In other applications where such an approach may not be possible, as also in the case of commercial kits, an additional primer can be included in the method to remove any marker restriction sites on the vector for selection purposes.
